Abstract Tropospheric ozone variability occurs because of multiple forcing factors including surface emission of ozone precursors, stratosphere-to-troposphere transport (STT), and meteorological conditions. Analyses of ozonesonde observations made in Huntsville, AL, during the peak ozone season (May to September) in 2013 indicate that ozone in the planetary boundary layer was significantly lower than the climatological average, especially in July and August when the Southeastern United States (SEUS) experienced unusually cool and wet weather. Because of a large influence of the lower stratosphere, however, upper tropospheric ozone was mostly higher than climatology, especially from May to July. Tropospheric ozone anomalies were strongly anticorrelated (or correlated) with water vapor (or temperature) anomalies with a correlation coefficient mostly about 0.6 throughout the entire troposphere. The regression slopes between ozone and temperature anomalies for surface up to midtroposphere are within 3.0-4.1 ppbv K À1 . The occurrence rates of tropospheric ozone laminae due to STT are ≥50% in May and June and about 30% in July, August, and September suggesting that the stratospheric influence on free-tropospheric ozone could be significant during early summer. These STT laminae have a mean maximum ozone enhancement over the climatology of 52 ± 33% (35 ± 24 ppbv) with a mean minimum relative humidity of 2.3 ± 1.7%.
Introduction
In 2013, two field campaigns, the Southeast Nexus (SENEX) (Warneke et al., 2016) and the Studies of Emissions and Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys (SEAC 4 RS) (Toon et al., 2016) , were conducted over the Southeastern United States (SEUS) covering a broad range of atmospheric chemistry and air quality science investigations. These campaigns are critical to improving the accuracy of emissions inventories in chemical transport models (Travis et al., 2016) and our understanding of the interaction between natural and anthropogenic emissions (e.g., isoprene-ozone chemistry (Yu et al., 2016) ).
Ozone is a crucial tropospheric trace gas that drives the complex oxidization chain by reacting with carbon monoxide, methane, hydrogen oxide radicals (HO x ), nitrogen oxide radicals (NO x ), and volatile organic compounds (VOCs) (Jacob, 2000) . Tropospheric ozone abundance and variability are regulated by stratosphere-to-troposphere transport (STT), industrial emissions, lightning-generated NO x , and biomass burning (Lelieveld & Dentener, 2000) . Although ozone is a secondary pollutant in the troposphere, the stratosphere, containing 90% of the total ozone burden, is a direct source. This direct natural source of ozone adds to the complexity of accurate source quantification and air quality regulation policy making (Lin et al., 2012) . Based on model studies, STT is expected to maximize during winter or early spring, and to minimize in the summer for the extratropics in terms of intrusion frequency and net downward flux transport (Wernli & Bourqui, 2002) . However, previous field campaigns suggest that the stratospheric source still contributes significantly to the tropospheric ozone budget in North American midlatitudes during the summertime (Bourqui & Trépanier, 2010; Bourqui et al., 2012; Škerlak et al., 2014; Stauffer et al., 2017; Tarasick et al., 2007; Thompson et al., 2015 Thompson et al., , 2007 Thompson et al., , 2008 Yorks et al., 2009) . The global-scale STT budget is driven fundamentally by the large-scale stratospheric circulation (Hess & Zbinden, 2013) . While STT does not often directly influence surface ozone amounts in the eastern U.S. (Ott et al., 2016) , higher elevations in the intermountain western U.S. are more likely to experience direct, stratospheric influence Lefohn et al., 2012 Lefohn et al., , 2014 Lin et al., 2012 suggest a positive trend for the STT source as a response to enhanced stratospheric circulation and to future climate change (Neu et al., 2014; Sudo et al., 2003) .
Huntsville is a near sea level (200 m above sea level (asl)), midsized city located at the southern edge of the northern middle latitudes with a humid subtropical climate, primarily characterized by hot summers and abundant, year-round precipitation. The air quality of Huntsville can be largely considered as slightly polluted rural, given that ozone in the planetary boundary layer (PBL) at Huntsville is higher than unpolluted, background stations (e.g., Trinidad Head, California; Boulder, Colorado; and Wallops Island, Virginia) (Newchurch et al., 2003; Stauffer et al., 2016) , especially during the summer, but lower than polluted metropolitan cities (e.g., Houston) (Morris et al., 2010) . Although industrial emissions in Huntsville are minor, this city is sometimes affected by pollution transport on various spatial scales Reid et al., 2017) .
The primary objective of this work is to analyze tropospheric ozone variability and anomalies using the ozonesonde data measured during SENEX and SEAC 4 RS in 2013. The second objective is to quantify the stratospheric influence on tropospheric ozone. Thereafter, "13-May-Sep" will be used to represent the campaign duration from May to September 2013, which encompasses the typical "ozone season" (Cox & Chu, 1996) and to cover the potential spring surface maxima (Monks, 2000) and summer tropospheric maxima (Fusco & Logan, 2003) .
Ozonesondes
Ozonesondes are currently the most widely used instrument to measure vertical ozone profiles from the surface up to the midstratosphere due to their well-characterized behavior and working capability under various sky conditions despite their relatively long preparation and measurement time (see review article by Thompson et al., 2011) . The inherent response time (e
À1
) is typically between 20 and 30 s, which corresponds to a vertical resolution of 100-150 m given a typical balloon rise rate at approximately 5 m s
. Assessment experiments suggest that ozonesondes measure ozone with a precision better than ±5% and an accuracy better than ±10% up to about 35 km if the sondes are prepared and operated properly, although there exist systematic biases of less than 7% with different sensing solution and manufacturer years (Johnson et al., 2008 (Johnson et al., , 2002 Komhyr et al., 1995; Smit et al., 2007) . The Huntsville ozonesonde station (34.725°N and 86.645°W) is a joint effort between the University of Alabama in Huntsville (UAH) and NOAA's Global Monitoring Division (formerly known as the Climate Monitoring and Diagnostic Laboratory) in the Earth System Research Laboratory. Since 1999, weekly electrochemical concentration cell-type ozonesonde (model: ENSCI 2Z) observations (Komhyr, 1969) have been made at UAH to measure ozone (Newchurch et al., 2003) for various scientific research (e.g., Li et al., 2005) and satellite validation efforts (Nassar et al., 2008; Wang et al., 2011) . The quick-look curtain plots of the ozonesonde data taken during SEAC 4 RS are available at the webpage of SouthEast American Consortium for Intensive Ozonesonde Network Study (SEACIONS, http://ozone.met.psu.edu/dev/research/seacions/quicklooks.php).
The atmospheric thermodynamic and wind profiles are usually measured by an independent radiosonde located in the ozonesonde package. At the Huntsville station, all radiosondes before August 2012 (flight number < 749) employed Vaisala RS80 to measure ambient temperature, pressure, and relative humidity (RH). After August 2012, most flights were made with the iMet radiosondes that added measurements of wind velocity, wind direction, and Global Position System altitude, while a few others were still made with Vaisala RS80. From May to September 2013, 43 out of 48 ozonesondes attached iMet radiosondes. RH is used to determine water vapor in this study because it is directly available from radiosonde measurements (Wang et al., 2002) . The measurement uncertainties of temperature, pressure, and RH of a radiosonde vary with the factory type, model, and manufacturer batch of the radiosonde. Stauffer et al. (2014) reported that iMet measured a slightly higher atmospheric pressure than the Vaisala RS80. However, this difference has negligible impact on the ozone mixing ratio calculation below 20 km. We do not know the difference of temperature and RH measurements between RS80 and iMet. Using RS92 as a quality reference, intercomparison experiments suggest that on average, iMet temperature measurements report about 0.5°C lower than RS92 (Hurst et al., 2011) and RS80 reported about 0.1°C lower than RS92 in the troposphere during the daytime (Steinbrecht et al., 2008) . In terms of RH, iMet reports about 1-2% (ΔRH) moister than RS92 below 20 km (Hurst et al., 2011) , while RS80 measures 0-20% (ΔRH/RH) more moist than RS92 below 10 km (Miloshevich et al., 2006) . Thus, mixing the usage of Vaisala RS80 and iMet radiosonde data has negligible impact on our later analyses of the ozonesonde data.
Tropospheric Ozone Variability in 2013 Compared to Climatology
Figure 1 presents the time-height ozone and RH curtains from the ozonesonde measurements during 13-May-Sep for SENEX and SEAC 4 RS campaigns. The launch date and time of each individual profile is provided in Table S1 in the supporting information. These data are averaged to 100 m bins to reduce random errors and for consistency with ozonesonde vertical resolution. The thermal tropopause heights are calculated with the World Meteorological Organization (WMO) (1986) definition, which is based on the temperature lapse rate. The thermal tropopause is approximately 1 km higher than the ozone tropopause (Bethan et al., 1996; Pan et al., 2004) . Weekly ozonesondes were launched from May to July, while some extra daily ozonesondes were launched during August and September. Many time-discontinuous tropospheric ozone laminae appear on the daily ozonesonde profiles in Figure 1 suggesting that many of these laminae were driven by relatively short-term processes. As expected, tropopause heights generally increased from about 11 km in early May to about 15 km in July and mostly oscillated around 15 km in August and September, similar to the seasonal tropopause height variation observed in Houston in 2006 (Thompson et al., 2008) . Figure 2 compares the average ozonesonde profile of 13-May-Sep to the Huntsville climatological average of the same months. The climatology of ozone, temperature, and RH is calculated using the weekly ozonesonde data (737 profiles), mostly taken near 1800 UTC (local time 1200 or 1300) on Saturdays, from 1999 to 2012. The tropospheric ozone mixing ratio in Huntsville during 13-May-Sep generally increases with altitude similar to climatology largely because the sinks of ozone, such as water vapor and HO x , generally decrease with altitude (Ren et al., 2008) . Both the mean ozone profile of 13-May-Sep and the climatology show a positive gradient near the surface indicative of the important ozone sink of surface deposition. The 13-May-Sep ozone averages about 10 ppbv (about 17%) lower than the climatology in the PBL, is close to the climatology in the midtroposphere, and is about 40 ppbv (about 25%) higher than the climatology in the upper troposphere. The variability of the 13-May-Sep ozone in the upper troposphere is much larger than the variability of the climatology. The mean thermal tropopause height during 13-May-Sep is 14.4 km, slightly lower than the climatology of 14.7 km. However, the ozone average at the mean tropopause height for 13-May-Sep is 220 ppbv, much higher than the climatology of 180 ppbv. The enhanced ozone and large variability in the upper troposphere and lower stratosphere (UTLS) strongly suggest an exceptional influence of the lower stratosphere on the upper troposphere in 13-May-Sep. Figure 3 shows the monthly averaged ozone and ozone variability as well as ozone, temperature, and RH anomalies for 13-May-Sep relative to the climatology. The tropopause height increase from late spring to early summer reflects its seasonal variation following the underlying tropospheric temperature variation (Seidel et al., 2001 ). In Figure 3a , the ozone mixing ratios in the mid-troposphere peaked in May and August (>70 ppbv). The August peak is a persistent feature in the Huntsville-based climatological data (Newchurch et al., 2003; Stauffer et al., 2016) and is associated with more active photochemical production in August. In addition, this August peak in Huntsville is also a geographic maximum according to Li et al. (2005) and Cooper et al. (2007) who discovered that ozone between 6 and 11 km above Huntsville during summer was measured to be 10-20 ppbv higher than other North American stations due to the persistent upper level anticyclone over the SEUS, which "traps" and "cooks" the convectively lofted ozone and ozone precursors such as lightning NO x . The local ozone peak between 5 and 9 km in May 2013 is not a permanent feature for Huntsville and is 10-30 ppbv higher than the climatology (Figure 3b ). For summer (June, July, and August) 2013, the generally negative anomalies below 9 km, especially in July, can be explained by the negative anomalies of 500 hPa geopotential height and temperature (Stauffer et al., 2016) in Huntsville as shown in Figure 4 . The anomalies are calculated by considering the average between 1999 and 2012 as climatology, similar to the ozone calculation. This 500 hPa anomalous pattern is related to the unusually strong ridge in the western U.S. at this time (Toon et al., 2016) . The agreement between the anomalous ozone and geopotential height suggests that free-tropospheric ozone enhancement in the SEUS is correlated to the intensity of a persistent upper anticyclone in that region as hypothesized by Li et al. (2005) . interval (Dee et al., 2011) . The PV profiles closest to Huntsville and the ozonesonde measurement time are selected to calculate the PV anomaly in the same manner as for the ozonesonde data processing. Because PV is an effective tracer for stratospheric air (Danielsen, 1968) , analysis of PV anomaly, especially around the tropopause, is helpful to diagnose the yearly STT variations. Both the upper troposphere and lower stratosphere show similarly positive ozone, positive PV, positive temperature, and negative RH anomalies in May, June, and July (Figures 3b-3d ) suggesting that the stratospheric source played an important role for the positive ozone anomalies in the UTLS in these months (Terao et al., 2008) , consistent with our earlier analysis in this paper. However, the PV anomaly is not obviously correlated with the ozone anomaly below 10 km. The large variability of ozone in the upper troposphere in July, shown in both Figures 1 and  3e , is atypical and due to either a STT or a depressed-tropopause event on 13 July 2013 (HU795) and two low-ozone days on 6 July (HU794) and 20 July (HU796) 2013. On the HU795 profile, the thermal tropopause was located at 16.1 km, but the 2 PV unit (PVU)-based dynamic tropopause was at 8.5 km. This tropopause-height identification discrepancy occurs because the thermal tropopause sometimes is unable to capture the small-scale dynamic deformation although it captures the thermal stratification well (Wirth, 2000) . These two low-ozone days had some common features: cloudy and low ozone both in the PBL (20-30 ppbv) and upper troposphere (30-40 ppbv). There was rain during frontal passage on 6 July. These facts suggest that the low upper tropospheric ozone amounts on 6 and 20 July were likely primarily due to convective transport of the low-ozone air masses from the PBL. For August and September 2013, the ozone has a negative anomaly (À20%-0) (Figure 3b ) from 10 km up to~15 km, correlated with the positive RH anomaly (Figure 3d) , and a positive anomaly (mostly 0-10%) from 4 to 8 km, correlated with (WMO, 1986) , and the triangles at the bottom mark the measurement dates.
Journal of Geophysical Research: Atmospheres

10.1002/2017JD027139
the positive temperature anomaly. Climatologically, the net downward cross-tropopause flux decreases from spring to summer and minimizes in September for Northern Hemisphere extratropics (Škerlak et al., 2014; Wernli & Bourqui, 2002) . The ozone and RH anomaly structures at UTLS in Figures 3b and 3d suggest that the net downward cross-tropopause flux is significantly higher than the climatology for May, June, and July, whereas the net upward cross-tropopause flux (such as convection) is moderately higher than the climatology for August and September 2013 in Huntsville.
It is worth noting that the ozone and temperature anomalies in the UTLS are generally anticorrelated with the temperature in the middle and lower troposphere as shown by Figure 3d . For example, the UTLS was warm from May to July while the middle and lower troposphere was cold, relative to the climatology. This can be explained by vertical motions in the lower stratosphere, which compensated opposite vertical motions in the troposphere (Reed, 1950; Steinbrecht et al., 2003) . Upward motion in a cyclonic system leads to a cold troposphere because of adiabatic cooling. The tropopause altitude sinks resulting in adiabatic warming in the lower stratosphere and vice versa.
In the PBL, the ozone anomalies correlate well with both the temperature and RH anomalies. The PBL in 13-May-Sep was relatively wet and cool with low ozone except for June during which the PBL-averaged ozone was slightly higher (~2%) than the climatology. The ozone average in the PBL during both July and August was about 40% lower than the climatology partly because of recent, consistent NO x emission reduction (Hidy et al., 2014) and partly because of high moisture and low temperature. Transport from a cleaner marine source is not a primary cause for low PBL ozone observed in Huntsville because of two reasons. First, low PBL ozone mostly occurred during frontal passages and rain. Second, the average winds in the PBL in summer 2013 were dominated by weak westerly flow. In fact, the sonde-measured meteorological data in Huntsville accurately represented the state of the SEUS in 2013, wetter and much cooler than average (Blunden & Arndt, 2014) . There is a consensus that temperature is the most important meteorological factor to affect surface ozone, especially during the summer (e.g., Cox & Chu, 1996; Vukovich & Sherwell, 2003) because temperature affects chemical reaction rates and emissions of ozone precursors. In some urban areas, a linear regression between surface temperature and ozone can even be used as a predictor for ozone (Bloomer et al., 2009; Dueñas et al., 2002; Im et al., 2011) . Ozone generally has a negative correlation with RH because of the heterogeneous loss of the catalysts in the ozone production chain, which are primarily HO x and NO x (Jacob, 2000) . In addition, RH is correlated with sky cover (e.g., cloud and wet aerosols), which significantly affects the ozone production through the radiation flux and temperature. Therefore, the temperature and RH are covarying in their effects on near-surface ozone.
Correlation Among Tropospheric Ozone, Water Vapor, and Temperature
Meteorological factors notably affected the chemical processes that influence ozone concentrations. Investigation of the relationship between ozone and these factors is necessary to account for meteorological effects when examining air quality trends (Lin et al., 2014; Wise & Comrie, 2005) . Figure 5a presents the correlation between tropospheric ozone and RH anomalies to further quantify their relationship at different altitudes using the same monthly averaged data as in Figure 3 . We specify the layer from PBL top to 9 km asl as the midtroposphere and the layer from 9 km asl to tropopause as the upper troposphere. This specification is based on the possibility of influential sources and is somewhat arbitrary. The ozone and RH anomalies are strongly anticorrelated with Pearson correlation coefficients (r) from À0.55 to À0.92 in all altitude layers within the troposphere. Their correlations are the strongest at the surface (with sufficient significance, r = À0.92, ρ value = 0.027). Because of the small sample size in this study, the extremely high correlation at the surface should not be overinterpreted. The ozone/RH regression slopes are À1.0, À0.6, À0.5, and À3.6 ppb·% À1 for the surface, PBL, midtroposphere, and upper troposphere, respectively. The regression linear slope for the upper troposphere is significantly different from the slopes at the surface, PBL, and midtroposphere (Pan et al., 2004) because the upper troposphere is affected more by the stratosphere so that the upper tropospheric ozone change with respect to water vapor change is much larger than lower altitudes (Homeyer et al., 2011) . Water vapor plays different roles in the upper troposphere compared to lower layers in terms of its negative correlation with ozone. In the PBL, photolysis in the presence of water vapor (to produce OH) is the major sink for tropospheric ozone (Jacob & Winner, 2009 ). While in the upper troposphere, besides this chemical sink effect, the negative correlation between ozone and water vapor results from the physical 
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downward mixing of dry stratospheric air. The general anticorrelation between ozone and water vapor should be seen as an accompanying linkage instead of a cause-and-effect relationship because of the complicated feedback among ozone, water vapor, and climate.
Conversely, water vapor can be seen as a proxy for convection or clouds under certain circumstances. The positive correlation between ozone and water vapor could be observed during the convective transport of ozone or its precursors from the polluted PBL (Dickerson et al., 1987) , or when the lightning-generated NO x is significant (DeCaria et al., 2005; Wang et al., 2015) .
In Figure 5b , the temperature anomalies closely correlate with the ozone anomalies showing similar r values (0.63-0.71) at all layers except for the midtroposphere (r = 0.36). This means that the temperature variations can explain around 40% (r 2 ) of the tropospheric ozone variations outside of the midtroposphere. Higher temperature is generally favorable for ozone precursor emissions, ozone production, and air pollutant accumulation especially in a polluted region (with weaker relationships in unpolluted areas). The ) are generally consistent with previous studies in a similar region (Olszyna et al., 1997; Rasmussen et al., 2012) . The linear slope for the upper troposphere (28.0 ppbv K
À1
) is significantly distinct from the lower altitudes because of different mechanisms similar to the RH-ozone relationship discussed above. Obviously, the upper troposphere is affected more by the lower stratosphere where the ozone and temperature are typically correlated and vary together with solar cycle, quasi-biennial oscillation, and El Niňo-Southern Oscillation Randel & Cobb, 1994) . The poor correlation between ozone and temperature anomalies in the midtroposphere results from some outliers in May corresponding to considerable positive ozone anomalies (0-35 ppbv) due to the STT influences (also see Figures 3b and 3d) , but with slightly negative temperature anomalies (about À1 K). The temperature of these enhanced ozone layers is slightly lower than the climatology but may be still warmer than the background temperature at the same altitudes because of isentropic descent.
The correlation between ozone and RH (or temperature) in Figure 5 underscores the importance of careful data interpretation of ozone and its tracers. The value of the correlation coefficient (either high or low), which indicates the strength of relationship, does not necessarily attribute the cause to any emission source since the coefficients can be similar for anthropogenic and stratospheric sources. In addition, the correlation coefficients can be highly sensitive to the selection of samples. A weak correlation is expected by mixing two categories with different properties. However, the slope and intercept of the regression are often more meaningful for source attribution.
Stratospheric Influence on Midtropospheric and PBL Ozone
To investigate the stratospheric influence on midtropospheric and PBL ozone, we analyzed the enhanced ozone layers below 9 km due to STT for the 2013 ozone season. The upper troposphere is not included for two reasons. First, the layer identification in the upper troposphere is significantly affected by the tropopause definition and it is difficult to tell whether or not the layer below the tropopause has been irreversibly mixed into the troposphere. Second, the uncertainty of RH measurements in the upper troposphere is relatively high (Hurst et al., 2011; Miloshevich et al., 2006) . The STT (stratospheric intrusion) layers are identified by four mandatory criteria plus two optional pieces of evidence. Modified from previous literature (Beekmann et al., 1997; Newell et al., 1999; Stohl et al., 2000) , the four mandatory criteria are (1) maximum ozone in the identified layer is at least 25% greater than the reference ozone, (2) minimum RH without interpolation in this layer is less than 10%, (3) RH at all altitudes in this layer is less than 25%, and (4) Hybrid Single-Particles Lagrangian Integrated Trajectory (HYSPLIT) ensemble backward trajectories (Rolph, 2016; Stein et al., 2015) showing significant descending motion from near tropopause (empirically, 8 km is high enough for deep STT identification by considering modeling uncertainties) within the past 5 days. Based on our experience and some of previous studies (e.g., Sullivan et al., 2015) , this 5 day duration is expected to cover the lifetime of most STT events with minimum misdiagnoses, although the air originating from the stratosphere could exist in the troposphere for more than 10 days without changing many of its characteristics (Bithell et al., 2000) . For accurate identification, other important considerations are (1) with enhanced PV values (>0.5 PVU) and (2) with enhanced total column ozone shown by the satellite-borne Ozone Monitoring Instrument (OMI) Veefkind et al., 2006) . The STT layer emphasizes the "irreversible" mixing of the stratospheric air into the troposphere. This process requires that the STT layer should be below the tropopause altitude; however, tropopause heights can be strongly dependent on the definition such as in the previously mentioned flight HU795 on July 13. PV is used only as an optional indicator instead of an exclusive criterion due to the calculation uncertainty arising from the model's temporal, spatial, and vertical resolutions. The STT feature could be small spatially so that there could be a geographical offset between observations and modeled products.
In the following analysis, the climatological monthly average is considered as the reference ozone amount without STT influence. An enhanced ozone layer is defined as a lamina where the ozone mixing ratio exceeds the ozone reference level by 5 ppbv. The University of Wisconsin's high spectral resolution lidar (HSRL) (Grund & Eloranta, 1991) was colocated with the ozone lidar from June to November 2013. The HSRL backscatter data are helpful to distinguish the elevated ozone due to biomass burning smoke from elevated ozone due to STT.
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10.1002/2017JD027139 Figure 6 shows an example of an STT layer on 4 May 2013 identified by the described algorithm. The maximum ozone in the layer, centered at 6.5 km, reaches 184 ppbv with a minimum RH of 1.8% and significantly enhanced PV. Ozone and RH are well anticorrelated in this layer. The thermal tropopause is located at 10.7 km, which is relatively low compared to the climatology. The moist layer with low ozone value (~60 ppbv) centered at 8.2 km suggests that the 6.5 km ozone layer has likely been mixed into the troposphere from the stratosphere. Despite a distinct laminar feature demonstrated by the ozonesonde profile, the PV profile does not display a laminar feature around 6.5 km probably because of the calculation uncertainty from the model's temporal and spatial resolutions. The HYSPLIT back trajectories in Figure 6b indicate a primarily cyclonic and descending flow for the 6.5 km layer except for a short-term ascending flow at the recent 6 h. The 1.3 km ozone enhanced layer possibly has stratospheric origin with enhanced PV. However, it is excluded as a STT layer because of high RH. Please note that the 1.3 km ozone layer was located above the PBL height at this time, about 1 km, suggested by the temperature inversion. After checking the hourly ozone data from the Environmental Protection Agency (not shown), we did not find any enhanced surface ozone event associated with the potential stratospheric influence for this case. Table 1 gives the statistics of the identified STT layers for 13-May-Sep. The detected maximum ozone enhancement beyond the climatology below 9 km, due to the stratosphere influence, can be as high as 162% (114 ppbv) with an average enhancement of 52 ± 33% (35 ± 24 ppbv). The average enhancement is much higher than the detection threshold (25%). These layers are much drier than the predefined detection threshold (minimum RH = 10%) with a minimum RH varying between 0.3% and 6.3% at an average of 2.3 ± 1.7%. The large ozone enhancement and low RH reflect the persistent characteristics of stratospheric-sourced layers (Newell et al., 1999) . STT layers are present at almost all altitudes above the PBL with a higher frequency between 5 and 7 km (Figure 7) . The thickness of the layers is somewhat (Janjic, 2003) , as well as the enhanced PV (>2 PVU) suggests the stratospheric origin for the 6.5 km layer.
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related to its definition (Huang et al., 2015) . From this study, the average thickness of the detected STT layers is 1.7 ± 0.9 km.
The average STT layer occurrence frequency for these months (Table 2 ) is 31%. Tropopause folding, the most important mechanism for STT , occurs predominantly at midlatitudes, approximately between 40°and 60°according to Liang et al. (2009) ; however, it eventually affects the subtropics through quasi-isentropic descent (Kuang et al., 2012 . According to , the STT events that affect the tropospheric ozone in SEUS primarily originate from the cross-tropopause flux over British Columbia, Canada, and the northwestern U.S. The deep STT where the stratospheric intrusion affects altitudes below 3 km accounts for 13% of all the detected layers. The deep STT detection is related to the chosen detection algorithm and may have higher uncertainty because the longer the stratospheric air stays in the troposphere, the more likely it will lose its original characteristics through mixing.
The monthly change of STT layer occurrence rates, relatively high in May and June with significant reduction in later months, is consistent with previous modeling studies (Liang et al., 2009; . Although the sample size is small, the high frequencies of STT layers for May and June 2013 explain the positive ozone anomalies in the middle and lower troposphere during these 2 months. Note the detection range for this work is midtroposphere and PBL, so the results for detection rates cannot be compared to the studies using surface data (Stohl et al., 2000) . None of the STT layers in the PBL were identified during 13-May-Sep, likely because layers lose their laminar characteristics after mixing into the PBL from free troposphere (FT). Therefore, further quantification of the STT influence on the surface in SEUS may require both accurate trajectory tracking of air parcel (Wernli & Bourqui, 2002) and careful parametrization of the PBL mixing scheme (Pleim, 2007) . Because of significant topographic differences, the stratospheric influence on the surface ozone is more frequently observed in the western U.S. than in SEUS (Lefohn et al., 2012; Lin et al., 2012; Ott et al., 2016) .
Characterization of the stratospheric contribution to tropospheric ozone can improve satellite retrievals of vertical ozone profiles (Moody et al., 2012) which are largely based on a priori information. When the actual shape of the ozone profile deviates significantly from the climatological mean especially under a relatively small-scale weather system, knowledge of the nonclimatological ozonesonde profiles is helpful in obtaining accurate satellite retrievals.
Summary and Conclusions
The 48 ozonesonde observations made at Huntsville during the ozone season, from May to September, in 2013 measure 10 ppbv (about 17%) lower than the climatology in the PBL, close to the climatology in the midtroposphere, and 40 ppbv (about 25%) higher than the climatology in the upper troposphere (Figure 2) . The low ozone in the PBL, especially in July and August, is closely associated with the unusually wet and cool weather during these months in Huntsville. The coherent enhanced ozone and PV as well as the large variability in the UTLS in May, June, and July (Figure 3 ) suggest a strong influence of the lower stratosphere on the upper troposphere during these months.
This study demonstrates that the upper air ozone generally increases with increasing temperature or decreasing RH, similar to the surface (Camalier et al., 2007; Dueñas et al., 2002) . Quantifying the correlation of anomalies between ozone and RH in four altitude regions: surface, PBL, midtroposphere (PBL top -9 km), and upper troposphere (9 km-tropopause) reveals that the ozone anomalies are strongly anticorrelated with RH anomalies for all the altitude regions with r of about 0.6 ( Figure 5 ). The ozone/RH regression slopes are À1.0, À0.6, À0.5, and À3.6 ppbv·% À1 for surface, PBL, midtroposphere, and upper troposphere, respectively. The ozone anomalies are strongly correlated with the temperature anomalies within the troposphere (r = about 0.6) except for the midtroposphere (r = 0.4). The regression slopes between ozone and temperature anomalies for surface, PBL, and midtroposphere are similar, 3.0-4.1 ppbv K À1 consistent with previous studies using surface air quality data (Olszyna et al., 1997; Rasmussen et al., 2012) . The ozone/temperature slope for upper troposphere is 28.0 ppbv K À1 , significantly distinct from lower altitudes due to stratospheric influences. These results will be valuable for correctly accounting for meteorological adjustment of ozone concentration when examining ozone trends (Lin et al., 2014) and for improving the accuracy in evaluation of the effect of climate change on tropospheric ozone (Jacob & Winner, 2009 ).
We have quantified the stratospheric influence on the midtropospheric and PBL ozone with a laminar identification method using the criteria of peak ozone, RH value, and the back trajectory analysis. The detected layers have a mean maximum ozone enhancement over the climatology of 52 ± 33% (35 ± 24 ppbv) with a mean minimum RH of 2.3 ± 1.7% due to stratospheric influence. This result suggests the STT layers remain extremely dry after descent, although the ozone mixing ratio diminishes compared to the original stratospheric air consistent with previous results (Trickl et al., 2014) . The STT occurrence frequency is much higher in May and June (≥50%) than July, August, and September (~30%) reflecting the seasonal STT flux variation for the Northern Hemisphere (Liang et al., 2009 ). The deep STT, affecting altitudes below 3 km, accounts for 13% of all the detected layers. This study indicates that the stratospheric influence on FT ozone could be significant in the SEUS during early summer Yorks et al., 2009 ). Our detection method did not identify any STT layers within the PBL. Because laminar characteristics are difficult to maintain under strong mixing conditions, the lifetimes of laminae in this regime are expected to be quite short. For this reason, further modeling analysis (Johnson et al., 2016; Lin et al., 2012 ) is needed to quantify the role of stratospheric influence on the surface ozone in the SEUS. 
